A new, simple method has been developed for the purification of Streptomyces griseus trypsin [EC 3.4.21.4] from Pronase. Only a single operation of affinity chromatography on an agarose derivative, which was easily prepared by coupling a tryptic digest of salmine to cyanogen bromide-activated Sepharose 4B, was required. A high degree of homogeneity was demonstrated for the purified enzyme by disc electrophoresis, SDS-polyacrylamide gel electrophoresis and gel filtration, as well as by active-site titration. The behavior of a carboxypeptidase B [EC 3.4.12.3]-like enzyme present in Pronase is also discussed.
zymes, carboxypeptidases, aminopeptidases, etc. (1) . The trypsin-like enzyme, which may be called Streptomyces griseus trypsin (S.G. trypsin), is an interesting subject for comparative study in relation to bovine trypsin [EC 3.4.21.4 ], because of the great difference ia the phylogenetic sources of the two enzymes.
Several papers have appeared dealing with the purification of S.G. trypsin, which wasperformed in most cases by a combination of chromatographies on various types of ion-exchangers and/or molecular sieves (2) (3) (4) (5) (6) (7) (8) .
An exception is the paper of Vosbeck el al., whoused affinity chromatography on hexanediamine-agarose and ion-exchange chromatography on CM-cellulose (5). Kasai and one of the present authors (S.I.) (10, 11) have succeeded in the affinity chromatography of bovine trypsin on an agarose derivative contain-ing arginine peptides as an immobilized ligand. The same agarose derivative was also shown in a preliminary experiment to exhibit specific affinity for S.G. trypsin (11) . The peptides employed as the ligand were a mixture of diand tripeptides containing L-arginine only in the C-termini. These peptides were prepared through two steps; digestion of salmine with trypsin and fractionation of the digest by ionexchange chromatography. The present study was initiated to examine the applicability of a new agarose derivative, coupled with the tryptic digest of salmine as a whole, for the affinity chromatography of trypsins. If the derivative is suitable, large-scale preparation of the ligand and, therefore, of the affinity adsorbent will "be much easier since no fractionation step will "be necessary, so a simple and efficient procedure for the purification of S. G. trypsin from Pronase could thus be established.
MATERIALS AND METHODS

Materials-Pronase E was obtained from
Kaken Chemical Co., Tokyo; several lots <mainly No. 251035 and No. 251047) were used in this study. Bovine pancreas trypsin (twice crystallized, salt-free, lyophilized), was purchased from Worthington Biochemical Co., Freehold. Salmine (sulfate) was a product of Yuki Gosei Yakuhin Kogyo Co., Tokyo. The commercial sources of the following substrates and inactivators were: DL-Bz-Arg-pNA from Boehringer, Mannheim; Leu-pNA, Bz-Gly-Arg, and Z-Gly-Phe from the Protein Research Foundation, Osaka; Gl-Phe-pNA and PMSF irom Schwarz/Mann, New York; TLCK and J^JPGB from Cyclo Chemical, Los Angeles; DFP from Sumitomo Kagaku Kogyo Co., Osaka. Sepharose 4B, Sephadex G-75, and Sephadex G-100 were obtained from Pharmacia Fine Chemicals, Uppsala.
Immobilization of the Tryptic Digest of .Salmine on Agarose-A mixture of 5 g of salmine sulfate and 20 mg of bovine trypsin previously treated with TPCK was incubated in 150 ml of 0.1 M phosphate buffer, pH 8.0, for 1.7 hr (or 48 hr) at 37°. The digestion was stopped by placing the mixture in a boiling -water bath. Insoluble materials were removed by centrifugation and the resulting supernatant containing 80-100 ^moles of arginine residues per ml was used for the coupling reaction with agarose. To 100 ml (settled volume) of Sepharose 4B which had been activated with 24 g of cyanogen bromide at pH 11 and 20° according to Cuatrecasas (12) , 160 ml of the supernatant previously adjusted to pH 9.0 was added and the container was rotated slowly for 18 hr at 4°. The gel was washed with distilled water, 0.01 M HC1 then distilled water again, and treated with 160 ml of 2 M ethanolamine at pH 9.0 for 18 hr at 4° in order to block remaining activated groups on the agarose. After the final washing with water, the resulting agarose derivative (designated as STSepharose) was used for affinity chromatography. The amount of ligand immobilized was calculated as arginine content, which was determined either by Sakaguchi colorimetry (13) after hydrolysis with 0.1 M HC1 at 100°f or 30 min, or by using an amino acid analyzer as previously described (11) . The ST-Sepharoses thus prepared contained 4-11 ^moles of ligand per ml of settled volume.
Enzymatic Assay-The enzymatic activity toward DL-Bz-Arg-pNA, Leu-pNA, or Gl-PhepNA as a substrate was determind by measuring the absorbance at 410 nm due to />-nitroaniline. The reactions were carried out at 25°w ith a substrate concentration of 0.5 mM in 50 mM Tris-HCl buffer, pH 8.2, containing 20 mM CaClj, unless otherwise indicated. Carboxypeptidase [EC 3. 4.12. 3] activities toward Z-Gly-Phe and Bz-Gly-Arg were assayed by essentially the procedure described by Narahashi (/). The operational normality of enzyme solutions was determined by using NPGB as an active-site titrant (14).
Poly aery lamide Gel Electrophoresis-Disc electrophoresis was performed in polyacrylamide gel (pH 4.3) as outlined by Reisfeld et al. (15) . The acrylamide concentration of the running gel and the sample gel were 7.5% and 2.5%, respectively. Electrophoresis in 10% acrylamide gel containing 0.1% sodium dodecyl sulfate and 1% 2-mercaptoethanol was carried out essentially as described by Weber et al. (16) . 0.3 mg of protein was dissolved in 0.1 ml of distilled water and treated with 20 pg of NPGB for several minutes at 25°. The solution was then mixed with 0.2 ml of 0.01 M sodium phosphate buffer, pH 7.0, containing 1% sodium dodecyl sulfate and 1% 2-mercaptoethanol, heated for 2 min at 100°, and subjected to electrophoresis. After staining with Coomassie Brilliant Blue and destaining, densitometric measurement of stained protein bands on the gel was carried out using a Shimadzu dual-wavelength TLC scanner, model CS-900, equipped with a gel attachment.
Amino Acid Analysis -Protein samples were hydrolyzed with constant-boiling HCl in evacuated, sealed tubes at 110° for 24 hr. Analyses were performed on a JEOL amino acid analyzer, model JLC-6AH. Tryptophan was determined by the method of Liu (17) . Glucosamine was also " determined with the amino acid analyzer; hydrolysis was carried out with constant-boiling HCl at 110° for 2 hr. Figure 1 illustrates the effect of NaCl concentration in the buffer on the chromatograhic behavior of commercial bovine trypsin on an ST-Sepharose column. In the absence of NaCl, all the protein and enzymatic activity passed through the column without significant retardation ( Fig. l(a) ). On the other hand, the enzymatic activity was adsorbed in the presence of either 0.3 M or 0.5 M NaCl and eluted with 5 mM HCl ( Fig. l(c) and (d)). The first peak in the chromatogram represents inactive proteins contained in the commercial trypsin preparation. Trypsin derivatives, the active sites of which were blocked with PMSF or DFP, did not bind to the column under the conditions used in Fig. l(d) . The results indicate the participation of active site in the adsorption of trypsin on ST-Sepharose.
RESULTS
ST-Sepharose Column Chromatography of Bovine Trypsin-
Purification of S.G. Trypsin by Affinity Chromatography of Pronase-When
Pronase was applied to an ST-Sepharose column, the elution profile was as shown in Fig. 2 . While the bulk of proteins loaded eluted with the first eluant, trypsin activity (DL-Bz-Arg-pNA as a substrate) remained in the column until the eluant was changed to 5 mM HCl. About 99% of the activity contained in Pronase was recovered in the HCl effluent. Aminopeptidaselike activity (Leu-pNA as a substrate) showed a single peak which passed first through the column, while chymotrypsin-like activity (GlPhe-pNA as a substrate) was retarded slightly and appeared as two peaks. Carboxypeptidase B-like activity (Bz-Gly-Arg as a substrate) also appeared as two peaks, the major one of which was eluted from the column later than the peaks of chymotrypsin-like activity. Furthermore, the carboxypeptidase B-like activity was found to be separated from carboxypeptidase A-like activity (Z-Gly-Phe as a substrate). When the pooled fraction which contained trypsin activity was again applied to the same column of ST-Sepharose, almost all of the protein and the enzymatic activity applied were adsorbed and could be eluted quantitatively with 5 mM HC1. No substantial increase of the specific activity was observed. Sixty to eighty mg of the lyophilized preparation of S.G. trypsin was obtained from 1 g of Pronase by purification with this affinity chromatography. S.G. trypsin seemed to be stable when stored in frozen solution at pH 5.5 and -20° for several months. When lyophilized and stored at 4°, very slow but substantial inactivation was observed during several months.
Chemical Homogeneity of the S.G. Trypsin Preparation-The homogeneity of the preparation purified by a single operation with STSepharose was examined in several ways. As shown in Fig. 3 , only one band was observed in either disc electrophoresis or SDS-polyacrylamide gel electrophoresis. The results obtained on SDS-polyacrylamide gel electrophoresis in the presence of 2-mercaptoethanol indicated that S.G. trypsin consists of a single polypeptide chain. In this case, it was necessary to inactivate the enzyme with NPGB prior to heat treatment. Heat treatment without inactivation induced auto-digestive cleavages of the enzyme molecule, resulting in the appearance of several bands. Figure 4 represents the elution profile from a Sephadex G-75 column of the S.G. trypsin preparation. A symmetrical peak was obtained, with only a minor accompanying peak in the low molecular weight region. The preparation displayed a similar degree of homogeneity upon gel filtration through Sephadex G-100. The latter experiment also permitted molecular weight estimation for this enzyme; a value of 22,000± 1,000 was obtained according to Andrews' method (18), using horse heart cytochromec(MW=12,400), sperm whale myoglobin (17,800), soybean trypsin inhibitor (22,000), bovine chymotrypsinogen A (25,000), chicken egg albumin (45,000), and bovine serum albumin (67,000) as molecular weight standards. Amino acid analyses of the preparation afforded results compatible with the complete sequence of S.G. trypsin reported by Olafson etal. (79) . The presence of glucosamine was not detected. The molar absorbancy, e, of this enzyme was estimated by measuring the absorbance at 280 nm of a solution, the molar concentration of which had been estimated by amino acid analysis assuming an alanine content of 28 residues (19) . « was found to be 3.71x10* M" 1 -cm" 1 , while a value of 3.96X10 4 M"'-cm" 1 has been reported elsewhere (19) . Enzymatic Homogeneity-The operational normality of the same preparation of S.G. trypsin, which was determined by active-site titration with NPGB, reached about 95% of the molarity estimated by measuring the absorbance at 280 nm. The specific activity toward DL-Bz-Arg-pNA (0.2 mM) as a substrate was 7.6 ^mole-min" 1 per unit. These results indicate that the preparation was of very high purity, as compared with several specimens prepared by a classic purification method (1) .
Contamination by carboxypeptidase B-like activity was detected in our preparation in a small but significant amount; 0.02-0.04 //molemin" 1 per y4 M0 unit with 0.5 mM Bz-Gly-Arg as a substrate. The level of contamination could be reduced to 0.002-0.007 ^mole-min" 1 per Atso unit by rechromatography on the same ST-Sepharose column. It was found that specimens prepared by the classic method (/) also contained this activity amounting to 0.01 -0.1 pmole-min" 1 per Atso unit with the same substrate.
DISCUSSION
The first paper of this series demonstrated the usefulness of a new agarose derivative, prepared by condensation with a mixture of oligopeptides containing L-arginine at their carboxyl termini, as an adsorbent for the affinity chromatography of bovine trypsin (11) . The peptides were those present in a tryptic digest of salmine, from which they were fractionated by ion-exchange chromatography. Although the fractionation is not a complicated process, much easier preparation of the affinity adsorbent would be possible if this process could be omitted. In the present study, ST-Sepharose, that is, an agarose derivative coupled with the tryptic digest of salmine as a whole, was prepared in order to examine this possibility. It is known that the tryptic digests of salmine and other protamines contain large amounts of free arginine in addition to arginine peptides (20, 21) and that free arginine is not an effective coupling ligand in the preparation of an adsorbent specific for trypsin (/ /). Howyol. 79, No. 4, 1976 ever, affinity chromatography of bovine trypsin on ST-Sepharose was found to work well at pH 5.0, provided that the medium contained NaCl in rather high concentration (up to 0.5 M) (Fig. 1) . The pH was selected on the basis of the results obtained in the preceding paper (11) . The requirement for NaCl is probably due to the fact that electrostatic repulsion between positive charges of the immobilized ligands, including arginine, and those of trypsin is reduced by the increased dielectric constant of the medium, so that the ligands can exert sufficient affinity for the active site of trypsin.
Specific adsorption of S.G. trypsin on an ST-Sepharose column was also observed and, in contrast with the case of bovine trypsin, it did not necessarily require the presence of NaCl in the buffer. This difference may be accounted for by the findings that S.G. trypsin possesses an affinity higher than that of the bovine enzyme toward substrates such as L-Bz-Arg-pNA (22) and competitive inhibitors such as /3-naphthamidine (Nakata & Ishii, unpublished data). The NaCl-containing buffer was employed, however, in the chromatographic isolation of S.G. trypsin from Pronase (Fig. 2) , because the nonspecific attraction, if any, between ST-Sepharose and negatively charged proteins present in the starting material was expected to be reduced in this buffer.
The S.G. trypsin isolated from Pronase by a single operation of ST-Sepharose chromatography was shown to have the highest degree of purity, as compared with several specimens purified by Narahashi's procedure, which consists of three steps of chromatography (with CM-cellulose, SE-Sephadex C-50, and Sephadex G-75) (/). Vosbeck et ah have used affinity chromatography as a step in the purification of S.G. trypsin from Pronase (9) . Because their affinity adsorbent, hexanediamine-agarose, showed affinity not only for trypsin but also for aminopeptidase, they had to perform CM-cellulose chromatography in advance to remove the latter enzyme.
Our ST-Sepharose contains arginine peptides which are reaction products of trypsin and, at the same time, can act as substrates of carboxypeptidase B [EC 3.4.12.3]. Thus, it should exhibit some affinity for the carboxypeptidase B-like enzyme in Pronase. As shown in Fig. 2 , such affinity was observed, as expected, but it was quite small as compared with that for trypsin, probably because the chromatographic operation was carried out at pH 5.5 which is within the pH range appropriate for maximum interaction between trypsin and the product (11) but is far from the optimum pH of this carboxypeptidase (pH 7.5) (Yokosawa & Ishii, unpublished data). The same factor may account for the finding that repeated (more than fifteen times) contact with Pronase produced no indication of any decline in the effectiveness of the ST-Sepharose column. Figure 2 apparently shows clear separation between trypsin activity and carboxypeptidase B-like activity, but precise examinations indicated that our preparations of S.G. trypsin were always slightly contaminated by the latter activity. Such contamination was also detected to a similar extent in preparations obtained by the classic purification method (/). It was further found that the level of contamination could be reduced to about one-tenth by rechromatography on an ST-Sepharose column. On incubation with 5 mM o-phenanthroline and 50 mM EDTA at 40° for 15 min, the carboxypeptidase B-like activity decreased to 1.5% of the initial level, while 65% of the trypsin activity was retained. Although the presence of carboxypeptidase B-like activity in Pronase has been described by previous investigators (5, 23) , the separation of this activity from carboxypeptidase A-like activity, as shown in Fig. 2 has not previously been reported, as far as we know.
